Abstract Hydrogenation is one of the most commonly practised types of reaction in industry. The processing of low or null price feedstock to produce energy through hydrogenation is an interesting solution for waste valorisation. The hydrogenation in CO 2 atmosphere offers a series of advantages and facilitates the process by the dramatic reduction of normally harsh reaction conditions. The hydrogenation of natural feedstock with complex matrix is a challenging task and the examination of the phase equilibrium of this system is crucial to understand the phenomena driving the kinetics of the hydrogenation reaction. High pressure phase equilibrium modelling is a key method to design and to analyse the obtained data and helps to understand the hydrogenation reaction outcome. The increase of H 2 pressure does not translate to the increase of hydrogen solubility in the liquid phase due to the significant decrease of CO 2 solubility in oleic acid. The obtained data confirm that both thermodynamics and kinetics play an important role in the hydrogenation of cattle fat in the presence of CO 2 .
Introduction
The renewable resources start to play an important role in the satisfying the continously increasing demands for energy supply contributing to the sustainable development. The obligation established by the renewable energy directive created by European Commission in [1] endorsed a mandatory share of a 10 % for biofuels and other renewable fuels in transport sector consumption by 2020 to be achieved by all EU Member States. One of the methods to reach this target and to avoid food versus fuel dilemma is the use of second and third generation feedstock. Additionally, these types of feedstock or especially the use of wastes and residues is favoured, as this offers a much more competitive price of the final biodiesel and opens a new route to recycle and to valorise these raw materials. The major hindrance in the valorisation of this resource is a need of new and more advanced technologies comparing with currently existing ones for the first generation biofuels. Wastes and residues rich in free fatty acids are much easier to be transformed and one of the potential processes to do this is hydrodeoxygenation. The product of hydrodeoxygenation is H-oil and is formed in the catalytic hydrogenation and cracking process. The principal aim of this conversion route is the removal of oxygen and simultaneous hydrogenation guiding to formation of hydrocarbons. Depending on the process conditions, the produced fraction contains hydrocarbons similar to gasoline or to diesel [2, 3] . Additionally, the produced H-oil possesses the characteristics superior to classical fossil fuel and the downstream processing is much simpler than in case of classical esterification. The major problem of the hydrodeoxygenation is the need of high solubility of H 2 in the liquid phase and adequate catalyst activity that is strongly dependent on temperature. The solubility of gases in liquids is very limited therefore the use of high pressure of H 2 , even up to 100 atmospheres, is required [4] . Additionally, the noble metal catalysts generally require high temperature (even 673.15 K) [4] , guiding in parallel to extensive reduction of H 2 solubility in a liquid. As it was already shown in numerous examples, the possible solution of this problem might be the use of carbon dioxide above its supercritical conditions as co-solvent. The supercritical CO 2 (above T c = 31.0°C; p c = 73.8 bar) is characterised by the liquid-like density and gas-like diffusivity and viscosity, which are different from those for gases and liquids under room conditions [5] . Additionally, at these conditions supercritical fluids exhibit great solvent power either for gases or liquids. At supercritical conditions, CO 2 is still a gas and is completely miscible with H 2 but due to its high density is also a great solvent for non-polar liquids. Therefore, in many systems, CO 2 being dissolved in the liquid is a liquid-expander [6] [7] [8] and acts as a carrier of gaseous hydrogen to the liquid phase increasing the efficiency of the reaction and thus process can be carried out at lower temperature in comparison to classical [9] [10] [11] . The same phenomenon was also observed in the hydrogenation of vegetable oils in the presence of CO 2 showing an additional positive effect on the selective hydrogenation to low-trans fatty acid content mixture [12] .
Nevertheless, still the H 2 mass transfer limitation is one of the major problems in reactions occurring on the interphase between gas, liquid, and solid. Hence, it is important to comprehend all factors governing the product formation. So, not only kinetics controls the reaction but also the thermodynamic aspects are important and must be studied [13] . The understanding of thermodynamic relations existing in the systems with free fatty acid-rich feedstock is vital for the proper interpretation of the equilibria existing in the reaction system. This is especially important considering the complexity of the matrix.
In case of feedstock rich in free fatty acids, the most present acids are hexadecanoic (palmitic) (C16:0), octadecanoic (stearic) (C18:0), (9Z)-octadec-9-enoic (oleic) (C18:1), and (9Z,12Z)-9,12-octadecadienoic (linoleic) (C18:2). Depending on the feedstock, its origin and the environmental characteristics, the relation between concentrations of these acids varies. One of the most interesting fatty acid existing in the largest amount in most of the feedstock is oleic acid and it can be used as a model compound to represent the complex feedstock as discussed above.
This work demonstrates the phase equilibria existing in the reaction system in which the hydrogenation of animal (cattle) fat occurs under supercritical CO 2 pressure in the presence of heterogeneous catalyst [14] . Additionally the influence of temperature on the thermodynamics is presented and later it is shown how this translates to the hydrogenation reaction results.
Results and discussion
The hydrogenation of cattle fat was performed and results are presented elsewhere [14] . Table 1 presents the results of hydrogenation performed at 573.15 and 613.15 K under 5.5 bar of H 2 and 140 bar total pressure.
The phase equilibria for compounds used in this work are rarely studied. The only system examined and presented in the literature is CO 2 ? oleic acid [15] [16] [17] [18] [19] [20] [21] . All reports describing the CO 2 ? oleic acid show equilibrium data in a temperature range far lower than required for hydrodeoxygenation reaction purposes. Bearing in mind this limitation, the data presented by Fernandez-Ronco et al. [21] at 315.6 K were used to predict the phase envelope of the system containing CO 2 and oleic acid at 573.15 and 613.15 K. To predict the phase equilibria of the CO 2 ? oleic acid system at these temperatures the PengRobinson equation of state [22] was used and the optimised interaction parameters are as follows:
With good accuracy, these parameters are assumed to be independent of temperature within the temperature range studied thus the same set of parameters was used to estimate the phase envelopes for the same CO 2 ? oleic acid system at both examined temperatures. Figure 1 depicts the phase equilibria at 573.15 and 613.15 K for the system consisting of CO 2 ? oleic acid.
The obtained data allowed determining the mutual solubility of CO 2 and oleic acid at 140 bar at both examined (573. 15 To the best of these authors' knowledge solubility data of oleic acid in hydrogen and vice versa do not exist, therefore the PE software [23] was used to predict the phase equilibrium for H 2 ? oleic acid system at examined temperature range. The phase envelopes are depicted in Fig. 2 .
As it can be observed in Fig. 2 Figs. 3 and 4 .
The obtained liquid and gas phases' compositions for initial composition of the reaction mixture with 5.5, 11, and 100 bar of H 2 and 140 bar total pressure at 573.15 K and at 613.15 K are given in Table 2 .
The obtained data show that increase of the H 2 pressure leads to increase of the H 2 presence in the liquid phase where the hydrogenation reaction occurs. However, it is important to point out that two-fold increase of H 2 pressure leads to negligible increase of H 2 mol fraction in the liquid phase. To depict this relation better, the H 2 /oleic acid molar ratio in the liquid phase can be used. The relation between H 2 /oleic acid molar ratio and H 2 pressure at 573.15 and 613.15 K is illustrated in Fig. 5 .
The obtained data and H 2 /oleic acid molar ratio show that in the range of the examined temperatures, the H 2 pressure has a little influence on the composition of the liquid phase. It can be explained by the fact that that H 2 pressure is interrelated with CO 2 pressure as the total pressure used in the reaction was fixed to be 140 bar. Therefore, even the theoretical two-fold increase of H 2 pressure does not influence the H 2 solubility in the liquid phase mostly because it is associated to the CO 2 pressure reduction. Consequently, the mentioned CO 2 pressure reduction guides to the lower solubility of oleic acid in the CO 2 gas phase and this translates into the increase of the oleic acid presence in the liquid phase from 0.569 to 0.570 and 0.555 to 0.560 at 573.15 and 613.15 K, correspondingly. While in case of H 2 , the enrichment of the liquid phase in H 2 is almost zero, or more precisely the concentration of H 2 increases from 0.015 to 0.016 and from 0.012 to 0.017 for 5.5 to 11 bar of H 2 for both 573.15 and 613.15 K temperatures, respectively. For comparison purposes the H 2 /oleic acid molar ratio for the drastically higher amount of H 2 (100 bar), that is normally used in hydrodeoxygenation without CO 2, was calculated. It is also interesting to mention that at 613.15 K although a significant increase of H 2 pressure by almost 20-fold from 5.5 to 100 bar turns to much lower increase of H 2 /oleic acid molar ratio (by one order of magnitude: only 13 times). This increase is even lower at 573.15 K at which the increase of H 2 pressure from 5.5 to 100 bar is accompanied by only ninefold increase of H 2 /oleic acid molar ratio. The increase of H 2 content in liquid phase is much lower than expected mostly due to the fact that, the increase of pressure of H 2 and by this counterbalanced reduction of CO 2 pressure, to maintain 140 bar of total pressure, causes significantly lower CO 2 solubility in oleic acid. This consequently leads to a more significant H 2 solubility reduction in the oleic acid rich phase than it could be expected from the increase of H 2 pressure.
Analysing the obtained data and the hydrogenation of oleic acid scheme (Scheme 1) it can be concluded that the concentration of H 2 needed to perform complete hydrogenation of oleic acid should be 4 times higher than the concentration of acid.
Therefore looking at the phase equilibrium data it can be stated that neither 5.5 bar, nor 11 bar, nor even 100 bar of H 2 pressure is sufficient to achieve complete hydrogenation. This result demonstrates the importance of mass transfer. The sufficient mass transfer (by stirring or removal of the reaction product) can help to overtake this limitation [14] . Another important aspect is the presence of CO 2 in the hydrogenation reaction. The obtained trend of H 2 /oleic acid ratio as a function of hydrogen pressure shows that at both temperatures and at 5.5 bar of H 2 pressure, the H 2 /oleic acid molar ratio is practically the same in the experimental range. However, the reaction results show that the hydrogenation is less efficient at lower temperature. The data presented in Table 1 depict clearly that 40 K lower temperature is less effective in the hydrogenation as the major products are unsaturated hydrocarbons (w = 38.24 %) while at 613.15 K the odd saturated hydrocarbons are dominant fraction (w = 47.22 %). Therefore, it can be concluded that besides the thermodynamics, kinetics plays an important role in the hydrogenation of cattle fat in the presence of CO 2 .
Experimental
The methodology or reaction executed, as well as analytical procedures used to characterise a raw material as well as products or reactions were provided elsewhere [14] . The reactions were carried out at 5.5 bar of CO 2 and 140 bar total pressure in a 160 cm 3 volume stainless steel reactor at 573.15 and 613.15 K. The heterogeneous Clay Processed for Catalysing Purposes (FCC) catalyst delivered by BASF Catalyst LLC, NJ, USA was used. The amount of cattle fat (SEBOL-Grupo ETSA, Loures, Portugal) used was 11.2 g with the fatty acid content of w = 91.1 %. The raw material composition presented in the refereed work shows that oleic acid is the major free fatty acid present in the reaction mixture and it constitutes w = 44 % of all fatty acid present. The second fatty acid with the largest contribution (close to w = 25 %) is palmitic acid. Considering other acids detected in the sample of cattle fat used, oleic acid has been selected arbitrary as the most representative one to model the phase equilibria found in the reaction mixture.
The phase equilibrium calculations of the reactive system were performed using the PE software developed in Brunner's laboratory [23] . For the calculation purposes the critical parameters of hydrogen, CO 2 , and oleic acid 
Scheme 1
The phase equilibrium phenomenon 1559 available in this programme were used and are presented in Table 3 .
For the modelling purposes of either binary or ternary systems studied in this work, the Peng-Robinson equation of state was used [22] . The Peng-Robinson equation of state is described by the following equations: 
The Mathias-Klotz-Prausnitz mixing rule was used as this is allowing to avoid the Michelsen-Kistenmacher syndrome [24] . The used Mathias-Klotz-Prausnitz mixing rule is shown in Eqs. 
